We compared how contrast adaptation influences three alternative measures of luminous efficiency. Subjects judged the lightness, the flicker, or the motion of chromatic sine-wave gratings. Adaptation to gratings with correlated luminance and chromatic contrast strongly biases lightness matches and moderately biases minimum-motion settings for gratings that are counterphased at 1 Hz, but it has little effect on motion or flicker settings for gratings that are counterphased at 15 Hz. These results suggest that different measures of equiluminance tap neural pathways that can have different spectral sensitivities. At low temporal frequencies both perceived lightness and minimum-motion settings appear to depend on channels that do not represent luminance and color independently.
INTRODUCTION
Light is initially encoded in the human visual system by three separate classes of cone receptor, but subsequently the signals from different cone types are combined, either with the same sign to form mechanisms that are sensitive to luminance or with opposite signs to form mechanisms that are sensitive to color.", 2 These transformations may occur in parallel within a variety of different subsystems that are designed to extract different properties of the retinal image, such as movement, form, and depth." 3 ' 4 Thus the triplet of retinal cone signals may be recombined with different weights and signs within different subsystems, and different perceptual tasks may depend on markedly different representations of the luminance and chromatic contrasts in the image. We measured the spectral sensitivity underlying three alternative perceptual judgments-of lightness, flicker, and minimum motionand compared how these alternative judgments are affected by adaptation to contrast, i.e., adaptation to patterns whose color and luminance are modulated around a fixed average color and luminance. Contrast adaptation changes sensitivity to luminance and chromatic stimuli, 5 7 and we asked whether alternative measures of these sensitivity changes reflect different weightings of the cone signals.
Using stimulus conditions and experimental procedures that were matched as closely as possible, we compared three alternative criteria for equating the luminous efficiencies of two colors that were presented as components of a heterochromatic sine-wave grating. The gratings were counterphased at 1 or 15 Hz.
(a) Perceived lightness (1 Hz) . At low temporal frequencies the interleaved colors of the grating can be resolved, and they can be matched for lightness' by varying their relative radiances.
(b) Flicker photometry (15 Hz) . 9 When two colors are alternated rapidly in time, sensitivity to the color difference is reduced, yet a luminance difference between the colors is still visible as flicker. The two colors are defined as equiluminant when perceived flicker is minimized.
(c) Minimum motion (1 and 15 Hz).'
0 Luminance differences in a chromatic test grating can combine with an added achromatic grating (superposed in spatial and temporal quadrature phase with the test grating") to yield a drifting luminance grating (Plate I). The direction of motion depends on which component color in the chromatic grating has the higher luminosity. Equiluminance can therefore be defined as the relative luminosities of the component colors at which the direction of motion reverses.
Flicker photometry and minimum motion yield similar estimates of the relative luminous efficiency of different spectral stimuli. ' 2 These estimates of sensation luminance '3 are, for individual observers, the equivalent of the sensitivity standardized in 1924 by the V(A) weighting function of the CIE.' 4 In contrast, for many subjects, heterochromatic brightness matches yield spectral sensitivities that differ from flicker-photometric estimates and are nonadditive.' 5 ' 7 This result has suggested that perceived brightness depends on the combined outputs of both luminance and chromatic channels. 6 8 Adaptation to a stimulus that covaries in luminance and chromaticity can induce a lightness difference between two chromaticities that were matched for lightness before adaptation: the appearance of the equiluminant plane is effectively tilted away from the axis in color-luminance space of the adapting modulation (Fig. 1) .7l9 For example, after adaptation to a contrast defined by modulations between light red and dark green, an equiluminant red appears darker, whereas an equiluminant green appears lighter. These lightness biases reflect a selective loss in sensitivity to the adapting axis and occur without significant change in the average perceived lightness or color of the test stimuli. Thus they cannot be accounted for by the average response changes that are conventionally studied in color adaptation 2 0 and instead depend on changes in sensitivity to contrast-to how luminance and color are varying around the average. However, the form of these contrast changes is inconsistent with an adaptation effect that occurs independently within separate luminance and chromatic channels: gain changes in such the same luminance and +L(-M) chro tively correlated. Adaptation to this ax site biases along the L-M axis.
channels could change sensitivity tc matic contrast but could not induc ence between two stimuli that isolat The observed biases suggest insteac ness depends on channels that can I different combinations of luminanc trast and that the representation of the state of adaptation, presumably I lectively changes the distribution these channels. Here we examine reflect a general change in the spectral sensitivity of the visual system by testing whether adaptation induces +45 similar biases in flicker and minimum-motion estimates adapt axis of sensitivity.
METHOD
Stimuli were displayed on a Sony GVM1400QM monitor controlled by a Cambridge Research Systems graphics
board (which allowed radiances on the monitor to be conred" trolled with an accuracy of 14 bits/gun). Luminances of the three guns were linearized through lookup tables. Subjects (the two authors) viewed the display monocularly with natural pupils from a distance of 1.5 m. The stimuli were presented in a 2-deg-square field with central fixation cross. Narrow black borders delimited the field from a surround (4.8 deg vertical X 9.6 deg horizontal) of the same average luminance (27.5 cd/m 2 ) and chromaticity (equivalent to Illuminant C). Test stimuli were 1. L-M test patterns, chromatic contrast was fixed at 5OX "red" the contrast threshold for detecting the 1-Hz counterphasing L-M grating, whereas for the S patterns it was fixed at 30x threshold. The 15-Hz patterns had the same physical chromatic contrast as the 1-Hz gratings but much 45 lower contrasts in terms of multiples of threshold. (These  -45 values were chosen to be close to the maximum contrasts adapt axis possible for the test and adapting stimuli for our display.)
The 1-Hz thresholds were based on measurements for observer MW The same contrasts were used for observer JM. The chromaticity coordinates corresponding to these chromatic contrasts are listed in is can produce the oppomodulation of the chromatic test gratings was in sine phase with the start of the test trial and in spatial cosine phase with the center of the display. For observer MW i luminance and chrothe added luminance grating in the minimum-motion task rE a luminosity differalways began in cosine phase. However, for observer JM ,e chromatic channels.
we added the control of randomly varying on each trial the I that perceived lightstarting phase of the luminance grating between plus or be selectively tuned to minus cosine phase, so that the direction of motion would ce and chromatic conbe uncorrelated with the sign of the luminance contrast in 'lightness varies with the chromatic test grating. because adaptation seIn the case of motion or lightness judgments, changes in of responses within the sign of the luminance mismatch (e.g., green luminance whether these biases greater versus red luminance greater) result in qualita- 2 4 whose b and r axes more directly represent the S and L-M chromatic variations. Both chromatic contrasts differed in both b and r because the empirically defined S and L-M axes differed slightly from those of the standard observer.
tively different sensations (up versus down for motion, or green lighter versus red lighter for lightness). Thus the subject's response indicates how luminance contrast must be altered to approach the equiluminant point. However, for flicker these opposite luminance mismatches are difficult to distinguish. Subjects instead base their flicker
. Hypothetical stimulus and response in a split-field flicker discrimination. Luminance contrast is introduced between the red and green bars of a red-green chromatic grating. In one half-field (e.g., top) of the display, red bars have a higher luminance (Lr), whereas in the other half-field (e.g., bottom) green bars have a higher luminance (Lg). The grating is counterphased, and thus at each spatial position the bars alternate between bright red and dark green in one half-field or between bright green and dark red in the other half-field. The half-field with the greater magnitude of luminance contrast appears to flicker more [(a) and (c)], and flicker appears equal only when both half-fields have the same magnitude of luminance contrast [and thus the same mean luminances for the red and green bars (b); note that the overall mean luminance of the display remains constant]. The equiluminance balance can be estimated by keeping the difference in contrast between the two half-fields constant (0.06 in this example) and then covarying the contrasts in both fields, as illustrated in (a)-(c) for successive steps of 0.005. In the actual experiments the higher contrast was randomly assigned on each trial to either the top or the bottom half-field.
judgments only on the salience of the luminance component (regardless of the correlation between luminance and color). We therefore developed a procedure that required subjects to judge the relative flicker in the stimuli rather than the point of minimum flicker. A fixed difference in luminance contrast was introduced between the top and
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-4. [ Fig. 2(c) ]. The equiluminance point should then occur when the two half-fields have luminance contrast of the same magnitude but combined with the chromatic grating in opposite phases [ Fig. 2(b) ]. This procedure permitted us to use the same staircase procedure for flicker as for the lightness and minimum-motion judgments and was found to yield highly sensitive estimates of flickerphotometric equivalence even when the point of minimum flicker was poorly defined (e.g., because of losses in luminance contrast sensitivity resulting from the adaptation).
The contrast difference between the half-fields was between 0.04 and 0.16 and was chosen to provide comparable flicker discrimination for different conditions, although estimated equiluminance points did not depend significantly on the magnitude of the difference.
Adapting stimuli were 1.5-c/deg horizontal gratings formed by combining a luminance and a chromatic grating in one of two phases (see Fig. 1 ). The two alternative adaptation gratings were thus based on the same luminance and chromatic components but had correlations of opposite sign between luminance and chromaticity. The contrast of the chromatic component equaled the chromatic contrast of the test grating (i.e., 50X the 1-Hz threshold contrast for L-M gratings and 30X for S gratings). The luminance component had an equal multiple of the threshold contrast (i.e., 5OX or 30X the 0.0065 Michelson contrast threshold for detecting a 1-Hz counterphasing luminance grating). The composite contrasts were thus defined by vectors of ±45 deg within the luminance-chromatic plane (scaled for the thresholds for the 1-Hz gratings). The spatial phase of the adapting grating was randomly changed on every frame (60 Hz). This produced a broad temporal-frequency spectrum at any point with no directional bias and minimized differences in the time-averaged chromaticity and luminance at different points in the field.
In daily sessions the four different sensitivity settings (lightness, flicker, and low-and high-frequency motion) were measured before and then after adaptation to one adapting axis, with the order of different measures and adapting axes counterbalanced across sessions. Settings were made by varying the luminance contrast in the test gratings in four randomly interleaved staircases (ten reversals each) with a fixed step size of 0.005. In adaptation conditions the observers initially adapted for 180 s. One-second test trials were then interleaved with 6-s readaptation intervals (with zero-contrast gaps of 0.5 s between adaptation and test intervals). Figure 3 shows the different equiluminance settings that were made for the L-M chromatic gratings before and after adaptation. Adaptation biased both the lightness aANOVA, analysis of variance; df, degrees of freedom; M.S., mean square; F ratio; P, probability; NS, not significant. and the motion settings at 1 Hz by distorting the relative luminosities of the two colors away from the axis of the adapting modulation (see Fig. 1 ). For example, after adaptation to the grating defined by the +45-deg axis (bright red/dark green), the effective luminosity of the red (+L) bars was reduced relative to that of the green (+M) bars. Thus more luminance had to be added to the red bars both to match the green bars for lightness and to null the motion. Conversely, adaptation to the -45-deg axis induced the opposite biases. However, with one exception (+45 adapt, observer MW), the motion nulls changed less than would be expected from the induced lightness differences. Thus the two tasks depend on processes with different underlying sensitivities, sensitivities that become dissociated with adaptation.
RESULTS
In contrast to these results, adaptation affected the luminance settings for 15-Hz motion or flicker much less (although changes were still significant for JM). This was not because of a lack of adaptation (flicker detection thresholds were substantially elevated); it was because this adaptation did not alter the relative luminosities of the different colors. Consequently, these results dissociate a third, high-temporal-frequency measure of spectral sensitivity that is much less susceptible to biases by contrast adaptation. (Changes in the unadapted minimummotion settings with temporal frequency, as evident in JM's results, were noted by Cavanagh et al.' 0 . See also Ref. 25.) We assessed these aftereffects by analyzing the results for the two observers in separate three-way ANOVA tests [adapting axis X temporal frequency X task (lightness/ flicker versus motion)] with the use of the intrasession differences between preadaptation and postadaptation settings as the dependent variable (Table 2 ). For both observers the adapting-axis main effect and the interactions that included the adapting axis were significant, thus confirming that luminance settings were biased by adaptation, and the magnitude of this bias depended on both the temporal frequency and the task used to judge the luminosities. Significant task (observer MW) and temporalfrequency (MW and JM) effects, since they are based on pooling the two oppositely signed adaptation effects, suggest that the two adapting axes produced asymmetric effects for some conditions. Figure 4 shows measurements for test and adapting gratings whose chromatic contrasts instead modulated only the S cones (with corresponding ANOVAs in Table 3 ).
In many tasks, including those based on flicker and motion detection, the S cones appear to contribute only weakly to luminance sensitivity.' 0 ' 26 Our results suggest that signals from the S cones can interact with luminance signals to bias motion or lightness matches at low temporal frequencies. These biases were again weaker for the motion settings (and consistent only for the -45 adapting axis for JM) and were absent for motion or flicker measurements at 15 Hz.
The fact that adaptation induced little bias in spectral sensitivities at 15 Hz (but strongly affected luminance contrast sensitivity at this frequency) argues against conespecific light adaptation as the basis for the biases at low temporal frequencies. A cone-specific adaptation effect might also be expected to show little selectivity for the spatial configuration of the stimuli. To test this we compared the 1-Hz motion and lightness biases after adapta- tion to either the adapting grating or a uniform 2-deg field that had the same temporal contrast as the adapting grating. In these measurements, which were performed before we adopted the final conditions described above, we estimated luminosities with a method of constant stimuli and we weighted the adapting stimulus toward lower temporal frequencies [by waiting a random number of frames (between 1 and 30) before a new random phase was selected]. Figure 5 shows that the biases in lightness and motion settings after grating adaptation [ Fig. 5(a) ] were absent after uniform-field adaptation [ Fig. 5(b) ], indicating that the aftereffects are spatially selective.
-In the minimum-motion stimulus, adaptation could influence the settings not only by changing luminosities in the chromatic grating but also by inducing color differences between the bright and dark bars of the added luminance grating [ Fig. 6(a) ]. This induced chromatic contrast could combine with the chromatic test grating to induce chromatic motion in the same direction as induced luminance motion. We therefore performed the converse experiment of varying chromatic contrast in the luminance grating either to null perceived color differences between the light and dark bars of the luminance grating or to null perceived motion in the grating pair. In this case adaptation altered color-motion nulls substantially more than would be predicted from the induced color change in the luminance grating, the opposite of the dissociations we found for luminance contrast [ Fig. 6(b) ]. This could occur if adaptation induces both luminance and chromatic changes in the gratings, but chromatic contrast is much weaker than luminance contrast at supporting or nulling the resulting motion. Confirming this, we found that when opposing directions of luminance and chromatic motion 27 are introduced into the stimulus the perceived direction is strongly dominated by the luminance component. 28 Thus the changes that adaptation induces in the motion settings are primarily the result of how it affects the luminosities of the patterns.
DISCUSSION
Many studies have used stimuli of varying color but constant luminance to try to isolate chromatic pathways (e.g., Ref. 4). Our results show that different operational measures for equating luminosities yield different estimates, depending on the adapted state of the observer. These dissociations apparently occur because the channels mediating both motion and lightness judgments at 1 Hz do not represent luminance and chromatic contrast independently. Instead, the channels exhibit sensitivity changes that are selective for how luminance and chromatic contrast are combined in the adapting stimulus. The loss of these luminance-chromatic interactions at 15 Hz presumably occurs because at these frequencies sensitivity to chromatic contrast is much lower; if at these frequencies the visual system is primarily sensitive only to the luminance variations in the stimulus, then it would not be expected to show aftereffects that depend on how luminance and color in the stimuli are covarying. This selective loss in chromatic sensitivity could result either because a different subset of channels encodes the high-temporalfrequency patterns or because the channels change their tuning properties at higher temporal frequencies, for example, by losing color opponency. 25 29 An absence of adaptation-dependent interactions between luminance and color has also been reported in a threshold-detection task (measured for 4-Hz test stimuli). 6 Our results support several previous studies in suggesting that chromatic contrast contributes to motion perception. This contribution was suggested as early as 1911 by Wohlgemuth, who demonstrated a motion aftereffect at equiluminance.' 8 Moreover, the fact that adaptation induces weaker biases in luminance minimum-motion settings than in lightness matches and induces stronger biases in chromatic minimum motion than in chromatic matches suggests that chromatic contrast provides a weaker signal in motion perception than in color appearance. This property has been suggested by the large variety of impairments in motion perception that are observed at equiluminance.' In a neutral state of adaptation, luminance and chromatic contrast appear to be represented as orthogonal dimensions, and it is this orthogonality that forms the logical basis for the minimum-motion technique. However, the biases we find in low-frequency minimummotion settings suggest that these stimulus dimensions are not encoded as orthogonal after adaptation. The induced luminance contrasts we observed of 0.01-0.02 could provide a potent motion signal because many aspects of motion perception appear to saturate at low luminance contrasts (see, e.g., Ref. 32).
The perceptual biases that adaptation induces in the axes of color space are analogous to spatial-adaptation phenomena such as the tilt aftereffect for the perceived orientation of lines. 33 Such aftereffects are commonly explained by assuming that the test stimulus is repre- Fig. 6 . (a) Adaptation not only induces lightness differences in a chromatic grating but can also induce color differences between the light and dark bars of a luminance grating, again tilting the axis that defines the grating away from the adapting axis. 7 The phase relationship between the apparent luminance and the apparent chromatic variations should be the same in both gratings (e.g., both gratings should appear to vary between light green and dark red). Consequently, when both gratings are presented in the minimum-motion stimulus, the induced luminance and chromatic contrasts should both drift in the same direction. If the two gratings instead have different relationships between luminance and chromatic contrast (e.g., if one grating varies between light green and dark red while the second varies between light red and dark green), then the moving luminance and chromatic components will instead drift in opposite directions [as in the experiment of (c)]. (b) L-M chromatic contrast that is required to null perceived color differences in the luminance grating or perceived motion (1 Hz). Points plot the settings either before or after adaptation to luminance-chromatic gratings of the same contrast as in Fig. 3 . Luminance settings are replotted from Fig. 3 (observer MW) for comparison. Positive values indicate that +L(-M) contrast was added to the +luminance bars of the grating. (c) Minimum-motion settings for grating pairs that give rise to opposing directions of luminance and chromatic motion (without adaptation). Points indicate the amount of luminance contrast that had to be added to the 50X threshold chromatic grating to null perceived motion. The counterphasing reference grating had a fixed luminance contrast (21X threshold) and varying amounts of chromatic contrast (indicated by the abscissa) that equaled the chromatic null points of (b).
sented by a distribution of activity across many labeled channels, each of which is tuned to a different stimulus value (e.g., different orientation), and that adaptation distorts this representation by selectively desensitizing a subpopulation of the channels. 34 Our results could similarly reflect the intrinsic variability in the weights of cone inputs to different neurons as observed physiologically, and the different biases we observe are consistent with different degrees of variability within the neural populations that underlie different perceptual tasks. For example, motion and flicker perception have been associated with magnocellular pathways, whereas lightness and color appearance have instead been linked to parvocellular pathways. 4 ' 35 Within both subsystems individual neurons vary with respect to the plane in color-luminance space that gives a null response, and they correspondingly vary Fig. 4 ). Adaptation to particular orientations within color-luminance space could therefore produce larger distortions within the parvocellular distribution and could thus induce larger distortions in judgments of luminous efficiency that depend on this distribution. 3 7 However, the site of the sensitivity changes is likely to be cortical, since geniculate cells exhibit little adaptation to contrast 2 3 ' 38 and do not show the pronounced losses in chromatic sensitivity at high temporal frequencies that are suggested by psychophysical measures. 23 ' 39 Barlow and Foldidk 4 0 proposed an additional form of contrast adaptation based on mutual inhibition between channels whenever their outputs are correlated: the inhibition serves to alter the channels' tuning functions in such a way as to decorrelate their outputs. We have noted previously that such a process could simulate the presence of an adaptable channel that is specific for any direction in color-luminance space. 7 For example, phase-specific inhibition between luminance and chromatic mechanisms could bias the preferred axes of both mechanisms away from the adapting axis (since a stimulus that originally isolated the chromatic mechanism would now also induce a response of opposite sign in the luminance mechanism and vice versa). This adaptive realignment could thus provide an alternative basis for the perceptual distortions that we observe, even if color and luminance are encoded by only a small number of discrete channels. 7 But if the interactions postulated by Barlow and F6ldidk occur, our present results suggest that they do not uniformly recalibrate spectral sensitivity within different pathways.
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